U
nderstanding patterns of human population structure, where regional surveys are key for delineating geographically restricted variation, is important for the design and interpretation of medical genetic studies. In particular, we expect rare genetic variants, including functionally relevant sites, to exhibit little sharing among diverged populations (1) . Native Americans display the lowest genetic diversity of any continental group, but there is high divergence among subpopulations (2) . As a result, present-day American indigenous populations (and individuals with indigenous ancestry) may harbor local private alleles rare or absent elsewhere, including functional and medically relevant variants (3, 4) . Mexico serves as an important focal point for such analyses, because it harbors one of the largest sources of pre-Columbian diversity and has a long history of complex civilizations with varying contributions to the present-day population.
Previous estimates of Native Mexican genetic diversity examined single loci or were limited to a reduced number of populations or small sample sizes (5) (6) (7) (8) . We examined local patterns of variation from nearly 1 million genome-wide autosomal single-nucleotode polymorphisms (SNPs) for 511 Native Mexican individuals from 20 indigenous groups, covering most geographic regions across Mexico (table S1). Standard principal components analysis (PCA) summarizes the major axes of genetic variation in the data set [see (9) ]. Whereas PC1 and PC2 separate Africans and Europeans from Native Mexicans, PC3 differentiates indigenous populations within Mexico, following a clear northwest-southeast cline (Fig. 1A) . A total of 0.89% of the variation is explained by PC3, nearly three times as much as the variation accounted for by the north-south axis of differentiation within Europe [0.30%, in (10) ]. The northernmost (Seri) and southernmost (Lacandon) populations define the extremes of the distribution, with very clear clustering of individuals by population, indicating high levels of divergence among groups ( fig. S1 ). Seri and Lacandon show the highest level of population differentiation as measured with Wright's fixation index F ST (0.136, Fig. 1B The high degree of differentiation between populations measured by F ST argues that these populations have experienced high degrees of isolation. Indeed, when autozygosity is inferred using runs of homozygosity (ROH), all populations on average have long homozygous tracts, with the Huichol, Lacandon, and Seri all having on average over 10% of the genome in ROH [figs. S2 and S3 (9) ]. These populations are relatively small, increasing the effects of genetic drift and driving some of the high F ST values. In contrast, the Mayan and Nahuan populations have much smaller proportions of the genome in ROH, consistent with ROH levels found in Near Eastern populations in HGDP (12) . These populations are the descendants of large Mesoamerican civilizations, and concordant with large historical populations, have relatively low proportions of ROH. The high degree of variance in ROH among populations is an additional indicator of population substructure and suggests a large variance in historical population sizes. Comparing the observed ROH patterns to those derived from coalescent simulations, we find that Native American groups within Mexico are characterized by small effective population sizes under a model with a strong bottleneck, in agreement with other studies of Native American populations (13) . The degree of population size recovery to the current day is consistent with the degree of isolation of the extant populations, ranging from 1196 chromosomes [95% confidence interval (CI) 317 to 1548] for the Seri in the Sonora desert, to 3669 (95% CI 2588 to 5522) for the Mayans from Quintana Roo (figs. S4 to S6; (9)).
Isolation also correlates with the degree of relatedness within and between ethnic groups, ultimately shaping the pattern of genetic relationships among populations. We built a relatedness graph (Fig. 1C ) of individuals sharing >13 cM of the genome identically by descent (IBD) (corresponding to third/fourth cousins or closer relatives). Almost all the connections are withinversus among-population, consistent with the populations being discrete rather than exhibiting large-scale gene flow [figs. S7 and S8 (9)].
As seen with the ROH calculations, the Mayan and Nahuan groups have fewer internal connections. The few between-population connections appear in populations close to each coastline, such as the connections between the Campeche Mayans and populations to the west along the Gulf of Mexico.
The long-tract ROH and IBD analyses are especially relevant to the recent history of isolation of Native American populations. We ran TreeMix (14) to generate a probabilistic model of divergence and migration among the Native American populations (Fig. 1D) . The inferred tree with no migration paths recapitulates the north/south and east/west gradients of differentiation from the PCA and IBD analyses, with populations with high ROH values also exhibiting longer tip branches. The primary branches divide populations by geography. All northern populations (dark blue) branch from the same initial split at the root. We also find two additional major clades: a grouping of populations from the southern states of Guerrero and Oaxaca (green labels) and a "Mayan clade" composed of Mayan-speaking populations from Chiapas and the Yucatan peninsula in the southeast (orange labels). Introducing migratory edges to the model connects the Maya in Yucatan to a branch leading to the Totonac, whose ancestors occupied the large preColumbian city of El Tajin in Veracruz (15) . This result points to an Atlantic coastal corridor of gene flow between the Yucatan peninsula and central/northern Mexico ( fig. S9 ), consistent with our IBD analysis. Indeed, the only Mayan language outside the Mayan territory is spoken by the Huastec, nearby in northern Veracruz, supporting a shared history (16) .
These signals remain today as a legacy of the pre-Columbian diversity of Mexican populations. Over the past 500 years, population dynamics have changed drastically. Today, the majority of Mexicans are admixed and can trace their ancestry back not only to indigenous groups but also to Europe and Africa. To investigate patterns of admixture, we combined data from continental source populations (including the 20 native Mexican groups, 16 European populations, and 50 West African Yorubas) with 500 admixed mestizo individuals from 10 Mexican states recruited by the National Institute of Genomic Medicine (INMEGEN) for this study, Mexicans from Guadalajara in the POPRES collection (17) , and individuals of Mexican descent from Los Angeles in the HapMap Phase 3 project (table S1). We ran the unsupervised mixture model algorithm ADMIXTURE (18) to estimate ancestry proportions for individuals in our combined data set (Fig. 2, fig. S10 , and table S5). Allowing for three ancestral clusters (K = 3), we find that most individuals have a large amount of Native and European ancestry, with a small (typically <5%) amount of African ancestry. At the best-fit model for K = 9, the Native American cluster breaks down into six separate components (Fig. 2B) . Three of these are mostly restricted to isolated populations (Seri, navy blue; Lacandon, yellow; and Tojolabal, brown). The other three show a wider but geographically well-defined distribution: A northern component (light blue) represented by Tarahumara, Tepehuano, and Huichol, gradually decreases southward. Correspondingly, a southern component (blue), which includes Triqui, Zapotec, and Mazatec, gradually decreases northward. In the Yucatan peninsula and the neighboring state of Chiapas, we found what we termed the "Mayan component" (orange in Fig.  2B , bottom panel), found primarily in Mayanspeaking groups. This Mayan component is also (detailed in table S1 ) and admixture average proportions (table S5) . Dots correspond to Native Mexican populations colorcoded according to K = 9 clusters identified in (B) (bottom), and shaded areas denote states in which cosmopolitan populations were sampled. Pie charts summarize per-state average proportions of cosmopolitan samples at K = 3 (European in red, West African in green, and Native American in gray). Bars show the total Native American ancestry decomposed into average proportions of the native subcomponents identified at K = 9. (B) Global ancestry proportions at K = 3 (top) and K = 9 (bottom) estimated with ADMIXTURE, including African, European, Native Mexican, and cosmopolitan Mexican samples (tables S1 and S2). From left to right, Mexican populations are displayed north-to-south. (Fig. 2C , NW-SE axis F-test for all native clusters, P <10
−16
). To further test whether ancestral population structure is recapitulated in the genomes of mestizos, we used an ancestry-specific PCA (ASPCA) approach [ fig. S13 (9, 19) ]. We estimated local ancestry using PCAdmix (20) to identify segments of the genome belonging to Native American, European, or African ancestries. We focused on the European and Native American components of ancestry, given the low proportions of African ancestry overall. We would expect the history of Spanish occupation and colonization in Mexico to be reflected in the European segments of Mexican mestizos, as has been seen previously (21) . ASPCA of the European haplotypes in present-day Mexicans confirms this, as individuals cluster tightly with present-day Iberians even with a dense set of European populations (17, 22) (fig. S14) .
In contrast, given the complex demographic history of Native Americans, high isolation, and limited characterization of regional ancestry patterns (23, 24) , it remains unknown whether the correlation between genes and geography observed in Europe (10) can be similarly recapitulated within Mexico. We used ASPCA to uncover hidden population structure within Native American ancestry beyond that found solely in extant indigenous groups (Fig. 3A) . Consistent with the previous PCA analyses, we observed the most diverged indigenous populations defining the extremes of the top PCs due to high levels of genetic drift and isolation. However, including all the indigenous groups in the plot masks the signal contained in the indigenous segments of the Mexican mestizos. When plotting the ASPCA values for the admixed individuals only, we discovered a strong correlation between Native American ancestry and geography within Mexico (Fig. 3B) , with ASPC1 representing a westto-east dimension and ASPC2 one from north to south. Both of these correlations are highly significant and linearly predictive of geographic location (Pearson's r 2 of 72% and 38% for ASPC1 and 2, respectively, both P values < 10
−5
). The correlation is strong enough that the overall distribution of mestizo-derived indigenous haplotypes in ASPCA space resembles a geographic map of Mexico (Fig. 3B and fig. S15 ). This finding suggests that the genetic composition of present-day Mexicans recapitulates ancient Native American substructure, despite the potential homogenizing effect of postcolonial admixture. Fine-scale population structure going back centuries is not merely a property of isolated or rural indigenous communities. Cosmopolitan populations still reflect the underlying genetic ancestry of local native populations, arguing for a strong relationship between the indigenous and the Mexican mestizo population, albeit without the extreme drift exhibited in some current indigenous groups.
Having found these hidden patterns of ancestry in the native component of Mexican mestizos, we investigated whether this structure could have potential biomedical applications. Over the past decade, genetic ancestry has been associated with numerous clinical endpoints and disease risks in admixed populations, including neutrophil counts (25) , creatinine levels (26) , and breast cancer susceptibility (27) . Similarly, ancestral background is especially important in pulmonary medicine, where different reference equations are used for different ethnicities, defining normative predicted volumes and identifying thresholds for disease diagnosis in standard clinical practice (28) . That is, depending on one's ethnic background, the same value of forced expiratory volume in 1 s (FEV 1 , a standard measure of lung function) could be either within the normal range or indicative of pulmonary disease. Previous work has shown that the proportion of African and European ancestry was associated with FEV 1 in African Americans (29) and Mexicans (30), respectively, establishing the importance of genomic ancestry in lung function prediction equations.
To investigate possible associations between ancestral structure in Mexicans and FEV 1 , we applied our ASPCA approach to two studies measuring lung function in Mexican or MexicanAmerican children: the Mexico City Childhood Asthma Study (MCCAS) (31) and the Genetics of Asthma in Latino Americans (GALA I) Study (32) . Due to differences in protocols and genotyping platforms, we calculated ASPCA values for the two studies independently (fig. S17) using the same reference populations described above, then used fixed-effects meta-analysis to combine the results (9) .
First, in GALA I we looked for significant ancestry-specific differences between Mexico City and the San Francisco Bay Area, the two recruitment sites. ASPCA values were associated with recruitment location, with the receiver-operator characteristic curve from the Native American ancestry dimensions resulting in an area under the curve (AUC) of 80% ( fig. S17 ). After we adjusted for overall ancestry proportions (here both African and Native American), both ASPCs were significant in a logistic regression: ASPC1 OR per SD: 0.44 (95% CI 0.22 to 0.68), P = 3.8 × 10 S17 ) and show that Mexican-Americans in the San Francisco Bay Area tend to have increased Native American ancestry from northwest Mexico as compared to individuals from Mexico City (joint logistic regression likelihood ratio test P = 6.4 × 10 −5 ). We then used the ASPCA values for both studies to test for an association with FEV 1 as transformed to percentile of predicted "normal" function via the standard set of reference equations (28) for individuals of Mexican descent. These equations use population-specific demographic characteristics to account for age, sex, and height in estimates of lung function. Adjusting for overall ancestry proportions in linear regressions, we observed a significant association between FEV 1 and the east-west component (ASPC1) in both studies, with a meta-analysis P value of 0.0045 (2.2% decrease in FEV 1 per 1 SD, 95% CI 0.69 to 3.74). The effect sizes were homogeneous (Fig. 3C and table S6 ) despite differences in recruitment strategy, geography, and genotyping platform (9) . In contrast, ASPC2 showed no association with FEV 1 . Whereas FEV 1 has previously been associated with overall ancestry in several populations, the effect seen here is not correlated with overall admixture proportions, because we adjusted for those in the regression model. The combined results here indicate that subcontinental ancestry as measured by ASPCA is important for characterizing clinical measurements.
To estimate how variation in genetic ancestry within Mexico may affect FEV 1 , we used the results from GALA I and MCCAS to predict trait values by state (Fig. 3D) for the INMEGEN mestizo samples. We found that difference in subcontinental Native American ancestry as measured by ASPC1 results in an expected 7.3% change in FEV 1 , moving from the state of Sonora in the west to the state of Yucatan in the east. These results suggest that fine-scale patterns of native ancestry alone could have significant impacts on clinical measurements of lung function in admixed individuals within Mexico.
SCIENCE sciencemag.org These changes due to ancestry are comparable to other factors affecting lung function. Comparing the expected effect of ancestry across Mexico with the known effects of age in the standard Mexican-American reference equations (28), the inferred 7.3% change in FEV 1 associated with subcontinental ancestry is similar to the decline in FEV 1 that a 30-year-old Mexican-American individual of average height would experience by aging 10.3 years if male and 11.8 years if female. Similarly, comparing our results from the Mexican data with the model incorporating ancestry in African Americans, a difference of 7.3% in FEV 1 would correspond to a 33% difference in African ancestry (29) . The association between FEV 1 and ASPC1 is not an indicator of impaired lung function on its own-rather, it contributes to the distribution of FEV 1 values and would modify clinical thresholds. This finding indicates that diagnoses of diseases such as asthma and chronic obstructive pulmonary disease (COPD) relying on specific lung function thresholds may benefit from taking finer-scale ancestry into consideration.
An important implication of our work is that multi-and transethnic mapping efforts will benefit from including individuals of Mexican ancestry, because the Mexican population harbors rich amounts of genetic variation that may underlie important biomedical phenotypes. A key question in this regard is whether existing catalogs of human genome variation capture the genetic variation present in the samples analyzed here. We performed targeted SNP tagging and genome-wide haplotype sharing analysis within 100-kb sliding windows to assess the degree to which haplotype diversity in the Mexican mestizo samples could be captured by existing reference panels [figs. S18 to 20 (9) ]. Although Mexican-American samples (MXL) were included in both the HapMap and 1000 Genomes catalogs, average haplotype sharing for the INMEGEN mestizo samples is limited to 81.2 and 90.5% when combined with all continental HapMap populations. It is only after including the Native American samples genotyped here that nearly 100% of haplotypes are shared, maximizing the chances of capturing most of the variation in Mexico.
Much effort has been invested in detecting common genetic variants associated with complex disease and replicating associations across populations. However, functional and medically relevant variation may be rare or populationspecific, requiring studies of diverse human populations to identify new risk factors (4) . Without detailed knowledge of the geographic stratification of genetic variation, negative results and lack of replication are likely to dominate the outcome of genetic studies in uncharacterized populations. Here we have demonstrated a high degree of fine-scale genomic structure across Mexico, shaped by pre-Columbian population dynamics and affecting the present-day genomes of Mexican mestizos, which is of both anthropological and biomedical relevance. Studies such as this one are crucial for enabling precision medicine, providing novel data resources, empowering the next generation of genetic studies, and demonstrating the importance of understanding and measuring fine-scale population structure and its associations with biomedical traits.
